topological states, which are often beyond both the band-structure picture and the single-particle orbitals that underlie the theory. Strongly correlated systems are of great interest because they can exhibit 'emergent' excitations that are useful for quantum computing, and can give rise to many exotic forms of magnetism and superconductivity.
of electrons around a given nucleus (Fig. 1b) . This is because chemists usually deal with systems that have fewer atoms and lower symmetry than those studied by physicists. Furthermore, chemical bonding is naturally described in the language of orbitals.
One of the most celebrated ideas in quantum mechanics, the Heisenberg uncertainty principle, states that the more one knows about the position of an object, the less one knows about its motion, and vice versa. Formulating a theory that relies on both the chemists' perspective of electronic position and the physicists' perspective of electronic motion therefore requires a certain amount of mental and mathematical gymnastics, but that is what Bradlyn et al. have accomplished.
The authors' theory provides a way to predict and experimentally discover topological materials. Their work exploits existing materials databases and enables large-scale automated searches that have already turned up hundreds of topological-material candidates that could not have been easily anticipated by other theories. For example, the authors show that lead suboxide (Pb 2 O), the topological properties of which had not previously been explored, will be a topological insulator when subjected to strain. The authors are also able to predict semi-metals -materials whose properties are intermediate between those of metals and non-metals.
In addition to its predictive power, Bradlyn and colleagues' theory also provides a new perspective on topological states, both complementing and extending previous theories. However, despite these successes, the authors' theory cannot address the complexities of strong electronic correlations in 1 present a study investigating this step, and report that a molecule better known for its function in nerve-cell signalling also has a role in the interactions between immune cells that underlie antibody generation.
For the immune system to efficiently fight infection, B cells must mature into antibody-producing cells known as plasma cells. To do this, B cells need help from a type of T cell that expresses the protein CD4 and is known as a follicular helper T cell (T FH cell) 2, 3 . When a B cell and a T FH cell recognize a pathogen, they become activated, proliferate and migrate to structures called germinal centres, which are mainly found in lymph nodes and in the spleen 4 . In germinal centres, highly mobile T cells and B cells specific for the same pathogen can directly interact with each other through the formation of dynamic specialized surface structures called T-B immunological synapses 5 . Through these structures, T FH cells deliver signals to promote B-cell maturation, while also receiving signals from B cells 1 report a theory that reconciles two fundamentally different perspectives on materials advocated by physicists and chemists. Shown here is an example of these perspectives for graphene, a crystalline material comprising a 2D hexagonal lattice of carbon atoms. a, Physicists describe materials using the motion of electrons and in particular, the electronic band structure -the relationship between the energy of an electron and its 'quasi-momentum' . The components of quasi-momentum in the x-and y-directions are denoted by p x and p y , respectively. The top and bottom surfaces correspond to electrons in two different bands (the conduction and valence bands, respectively). b, By contrast, chemists describe materials using the position of electrons around atoms. The physical region of space where an electron can be present is known as an atomic orbital.
to maintain their own functional state. How these immunological synapses facilitate the exchange of signals between the two cells and ensure that this interaction efficiently generates antibody-producing cells was not known.
Papa and colleagues tested samples of human tonsils, and found that T FH cells strongly express molecules, including the protein chromogranin B, that have roles in the synapses that form connections between neurons in the nervous system. Chromo granin B is a component of a type of intra cellular vesicle at neuronal synapses known as a large dense-core vesicle, which concentrates and transports the neurotransmitter dopamine and related neurotransmitters 6 . Using a sensitive and direct mass-spectrometry method to detect dopamine, the authors found that human T FH cells contained abundant dopamine. However, this was not found in other cells tested, including mouse T FH cells and different types of human T cell. They also observed that human T FH cells released dopamine on stimulation by germinal-centre B cells. Moreover, dopamine augmented the level of in vitro maturation of germinal-centre B cells into plasma cells that is induced by the T FH -cell proteins CD40 ligand (CD40L) and interleukin-21.
In further investigation of dopaminemediated effects, Papa et al. found that, among many molecules important for germinalcentre functions, the human protein ICOSL was specifically and rapidly upregulated on the cell surface of germinal-centre B cells after dopamine stimulation. ICOSL is the ligand for the ICOS receptor protein present on the surface of T FH cells.
In mouse germinal centres 7, 8 , ICOSL promotes T FH -B-cell entanglement, a transient immune-synaptic contact between two mobile cells, and the strength of this interaction is reflected mainly in the size of the engaged cell surface rather than in the duration of contact. Mouse ICOSL interacting with ICOS on the surface of T FH cells promotes the release of stored CD40L to the T FH cell surface 7 . CD40L interacting with CD40 in turn stimulates upregulation of ICOSL expression in mouse germinal-centre B cells, thereby creating a positive-feedback loop between T FH and B cells that facilitates a process known as affinity-based selection 7 . This is the process whereby B cells with the potential to produce antibodies that bind most strongly to their targets are selected for 4 . In contrast to the functioning of mouse ICOSL, Papa and colleagues found that, in human germinal-centre B cells, a substantial fraction of ICOSL was already present and stored intracellularly (Fig. 1) . Human ICOSL was not upregulated by CD40L stimulation, but instead, the stored protein was rapidly released in response to dopamine. With a similar effect to that of mouse ICOSL, human ICOSL also increased the area of contact between T FH and B cells, and promoted the release of CD40L onto the T FH -cell surface. Interestingly, human ICOSL was found to promote the transport of chromogranin B vesicles in T FH cells towards the immunological synapse, and to promote dopamine release from T FH cells. This means that there is also a positive-feedback loop between human T FH and B cells through the immunological synapse, similar in principle to that in mice, but distinct in molecular detail.
Although dopamine has long been implicated in the regulation of immune responses 9,10 , Papa et al. now establish that it has a role in signal transmission across human immunological synapses. Dopamine has a half-life of 1 to 2 minutes in the bloodstream 11 , and probably a similarly short extracellular half-life in germinalcentre tissues. These features might be desirable for ensuring that signals are transmitted between mobile T FH cells and B cells, both efficiently and with a high degree of specificity 3 . Out of all the subclasses of CD4-expressing T cells, T FH cells probably have the most stringent requirement for efficiency and specificity at the immunological synapse to enable their proper functioning. Consistent with this idea, Papa and colleagues found that dopamine is used by human T FH cells, but not by human T cells of other subclasses.
A surprising finding made by the authors is that mouse T FH cells do not seem to use dopamine to communicate with B cells, even though other immune signalling molecules such as CD40L can be released and removed from T cells with fast kinetics in mice. It will be interesting to discover how human T FH cells develop to acquire the machinery for dopamine synthesis and storage, and at what stage and how mouse T FH cells develop differently from their human counterparts. How B cells trigger dopamine release from T FH cells is another interesting question that is prompted, and only partially resolved, by Papa and colleagues' work.
The existence in both the human and mouse systems of an intercellular positive-feedback loop highlights the importance of this aspect of the system for productive germinal centres 3 . Previous evidence from mouse experiments 7 suggests that a feedback loop promotes the antibody affinity-selection process in B cells. On the basis of computer modelling, Papa et al. speculate that the fast dopamine-ICOSL feedback kinetics in the human system accelerates the formation of plasma cells, but does not affect the affinity-selection process. This prediction could be tested in future experiments.
Human B cells express many types of G-protein-coupled dopamine receptor, and it is not always straightforward to pinpoint their specific roles using chemical inhibitors, activators or blockers. Papa and colleagues' study provides an impetus to use genetic approaches to systematically investigate the relationship between dopamine-receptor function and the regulation of B-cell biology. Closer attention should also be paid to whether any mutations in dopamine-related pathways cause immune-system defects. Moreover, when disease characteristics or treatment options are associated with changes in dopamine, the possible involvement of, and implications for, antibody-mediated immunity should be considered. ■ This article was published online on 12 July 2017
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P E T E R F I S C H E R
T he magnetic character of a material is determined by the spins (magnetic moments) of its electrons. Whereas electric charge is a scalar quantity, possessing only magnitude, spin is a vector -it has both a magnitude and a direction. This feature affects the interactions of spins and leads to the formation of microscopic spin textures. Such textures are responsible for the behaviour of magnetic materials and are decisive in technologies ranging from nanoscale applications in magnetic hard disk drives to large-scale permanent magnets in highpower electronics. Being able to visualize complex spin textures in 3D with high spatial resolution is therefore of paramount scientific and technological interest. On page 328, Donnelly et al. 1 report an X-ray imaging technique that achieves this feat. The technique could open the door to a better understanding of magnetic materials and the creation of tailor-made magnetic devices.
Exploring magnetic materials in one or two dimensions has led to many remarkable discoveries. Examples include the giant magnetoresistance effect 2, 3 that resulted in the 2007 Nobel Prize in Physics and triggered a technological revolution in magnetic storage and sensor technologies, and the unexpected discovery earlier this year of intrinsic magnetism in atomically thin 2D van der Waals crystals 4 . But because space is at a premium in magnetic devices, tremendous efforts are underway to increase storage capacity by taking advantage of the third dimension 5, 6 . The vector character of spin means that spin textures can be much more complex than 3D charge configurations, potentially giving rise to materials that have unique properties, and devices that have unprecedented functions. However, substantial advances in synthesis, modelling and metrology are required to succeed in this area.
Polarized X-rays have several features that are essential for characterizing the static and dynamic properties of magnetic materials. The polarization provides sensitivity to magnetic properties because of an effect called spin-orbit coupling, in addition to angularmomentum conservation in the interaction between the X-rays and the material. The wavelength associated with X-rays sets an ultimate limit on the spatial resolution of X-ray imaging in the sub-nanometre range. X-rays can travel thousands of nanometres through bulk material before being absorbed. Finally, temporal resolution down to the femtosecond range (1 fs is 10 −15 seconds) is possible using X-ray flashes generated from state-of-the-art X-ray sources.
Similarly to optical lasers, one of the most intriguing properties of X-rays is coherence -when two overlapping waves have the same
IMAGING TECHNIQUES
X-rays used to watch spins in 3D
Complex nanoscale magnetization patterns have been resolved in 3D using advanced X-ray microscopy. This could spur the design of magnetic devices that have unique properties and functions. See Letter p.328 1 report a technique for resolving 3D configurations of electron spins (magnetic moments) in materials. a, The authors demonstrate their technique on a magnetic gadolinium cobalt cylinder. They direct a beam of polarized X-rays at a particular spot on the cylinder, using an optical device that acts like a lens. The X-rays are diffracted from the cylinder, producing a diffraction pattern -the colours indicate the intensity of X-rays, from black (low) to dark red (high). By scanning the beam across the cylinder and gradually rotating the cylinder (black arrow), the authors collect a series of diffraction patterns. They then tilt the cylinder 30° (green arrow) and repeat the observations, allowing all three dimensions of magnetization to be accessed. b, Donnelly and colleagues apply sophisticated algorithms to the diffraction patterns to reconstruct images of the cylinder's magnetization. An example image is shown in which each arrow represents an electron's spin and the colours indicate the direction of magnetization from downwards (blue) to upwards (brown). Diffraction pattern in a, and b, adapted from Fig. 1a and Extended Data Fig. 3b in ref. 1, respectively.
